ABSTRACT. Butanol, popularly known as butyl alcohol, has been recently recognized by researchers from around the world as a promising component for use in blends with gasoline, because of its very similar physical-chemical properties. In this study, butan-1-ol (n-butanol) and 2-methylpropan-1-ol (isobutanol) were blended with pure gasoline in proportions of up to 30% mass. The blends density, volatility and anti-knock rating were experimentally determined and compared with Brazilian commercial gasoline specifications. The results showed that the blends properties kept a strong dependency on the linear or branched butanol molecular structure and with the interaction effects of its hydroxyl groups. In the blends, a polynomial increase in density was observed, with a consequent volatility reduction, affecting the vapor pressure and distillation curve, especially for specified 50 and 90% evaporated temperatures (T50 and T90). Minor effects were observed at the T10 and FBP curve extremes. Octane rating and anti-knock index gains were observed, with noted increase of MON for 2-methylpropan-1-ol based blends. At the tested butanol content range, blends characteristics presented satisfactory compatibility with Brazilian gasoline specifications.
Introduction
The use of oxygenated compounds as fuels has been investigated for more than a century (Kumar, Cho, Park, & Moon, 2013) and some countries like Brazil and United States of America currently use ethanol as liquid fuel in large scale. For instance, in Brazil, anhydrous ethanol is blended with gasoline (from 18 to 27% vol according to the ethanol availability) and hydrated ethanol (94.5% vol) is used directly in modified flex/fueled vehicles. More recently, the use of butanol as fuel has attracted growing interest from researchers around the world. Butanol (C 4 H 10 O, 74.1216 g mol -1 ) is an alcohol with four carbons and with one functional hydroxyl group (OH) in its structure, existing as four isomers: butan-1-ol (n-butanol), butan-2-ol (secbutanol), 2-methylpropan-1-ol (iso-butanol) and 2-methylpropan-2-ol (tert-butanol). Despite their related similar energy content, these isomers have different physical-chemical properties due to their structural differences (Jin, Yao, Liu, Lee, & Ji, 2011) .
Like ethanol, butanol can be produced both by petrochemical or fermentative route. Indeed, among the existing processes, petrochemical hydroformylation and Acetone-Butanol-Ethanol fermentation (ABE) are the most used (Brito & Martins, 2017; Rochón, Ferrari, & Lareo, 2017; Yang, Kuittinen, Vepsäläinen, Zhang, & Pappinen, 2017) . It is worth to mentioning that nowadays almost all butanol in the world is produced from petroleum derivatives by hydroformylation, also known as 'oxo synthesis or oxo process' (Clarke, 2005; Franke, Selent, & Borner, 2012; Pospech, Fleischer, Franke, Buchholz, & Beller, 2013; Uyttebroek, Hecke, & Vanbroekhoven, 2015) . However, improvements and developments in bioprocess technologies and genetic engineering is contributing to increase the economic competitiveness of the fermentation process for biobutanol production from biomass (Rodrigues, 2011; Jin et al., 2011) . Other less common routes, such as catalytic conversion, have attracted recent interest in research and industry, especially for butanol production ability from ethanol as a raw material (Ogo, Onda, & Yanagisawa, 2011; Riittonen et al., 2012; Dowson, Haddow, Lee, Wingad, & Wass, 2013; Sun & Wang, 2014; Wu et al., 2017) .
When compared with ethanol, the main advantage of butanol is its fuel properties, which have a great similarity to those of gasoline. In addition, butanol has traditionally been recognized by the industry and researchers as a product that can be transported through the same petroleum products pipeline infrastructure and is compatible with the technology of conventional vehicle engines, reducing the need for new investment (Kolodziej & Scheib, 2012; Mariano et al., 2013) .
Density is a property that affects engine performance, or more specifically, the injection pump, which measures the fuel supplied to the system. For this reason, it is directly related to the mass of fuel injected within the combustion chamber and also with its energy content. It is a property often considered in volume correction calculations in the fuel market, based on a change of temperature (Rand, 2010; Deng et al., 2013; Oliveira, Filho, & Afonso, 2013; Muzíková, ŠimáIek, Pospíšil, & Šebor, 2014; Dikio, Bahadur, & Ebenso, 2016) .
Volatility measures the tendency of a fuel to vaporize under a given condition. It is a feature of paramount importance for any liquid fuel, because it is closely related to the engine performance in terms of cold start, acceleration and power. Distillation is one of the most important quality indexes for evaluating the evaporation rate of liquid fuels at different temperatures; it is useful to determine the boiling range of a fuel and the content of light and heavy components (Li, Yu, Wang, & Wang, 2015) . The vapor pressure is another important property used to measure the lightweight fuel vaporization trend in gasoline.
The anti-knock rating is related to the ability of a fuel to resist to compression without detonating, under a given condition. The maximum performance is obtained when the fuel-air mixture is evenly burned inside the combustion chamber, until all the fuel is consumed. However, in real situations, undesirable pre-flame reactions involving unburnt end gases can result in the formation of molecules or species that can spontaneously autoignite before the flame front arrives, causing abnormal combustion (engine knocking). Alcohols and other oxygenates slow the progress of the autoignition reaction due to the formation of a radical species and the production of unsaturated hydrocarbons. Alcohols also have a higher latent heat of vaporization than gasoline, resulting in additional cooling of the combustion chamber supplied by evaporation of the alcohols (Totten, Westbrook, & Shah, 2003) .
The motor octane number (MON) and research octane number (RON) are the most common standard tests to measure the octane quality of a fuel and used to calculate the anti-knock index (AKI) from the arithmetic mean of their values. A fuel with a high octane number improves energy efficiency in an engine, providing higher compression ratios, representing gains in fuel economy, power and torque, whereas a fuel with a low octane number is more prone to suffer from pre-ignition problems (Albahri, 2003; Anderson, Kramer, Mueller, & Wallington, 2010; Yates, Bell, & Swarts, 2010; Westbrook, Pitz, Mehl, & Curran, 2011; Hu, Tiang, Zhang, Li, & Huang, 2017) .
In this context, several experimental and theoretical studies regarding butanol/gasoline blends have recently been published, most of them targeted to evaluate their combustion, performance and emissions in Otto engines (Masum, Masjuki, Kalam, Palash, & Habibullah, 2015; Yanai, Bryden, Dev, Reader, & Zheng, 2017; Elfasakhany, 2016; Li et al., 2017; Yusof et al., 2017) . However, few attempts have been made regarding quality and specification criteria. In this paper, butan-1-ol/gasoline and 2-methylpropan-1-ol/gasoline blends were prepared and evaluated in terms of the density, volatility (distillation and dry vapor pressure equivalent -DVPE) and anti-knock rating (MON, RON and AKI), which represent three key features of a fuel intended for use in spark ignition engines. Measured values were also compared with Brazilian specification for commercial gasoline, established by National Agency of Petroleum, Natural Gas and Biofuels (ANP), the regulatory body in Brazil.
Material and methods
Preparation of butanol/gasoline blends A total of 24 butanol/gasoline blends were prepared using pure gasoline provided by Total Distribuidora S.A., Brasilia, state Distrito Federal, Brazil, as fuel matrices, and analytical grade butan-1-ol and 2-methylpropan-1-ol standards (min. 99.0%), purchased from Vetec, Brazil, as oxygenated compounds were used as received. Pre-calculated masses of the butanol standards and respective fuel were individually weighted and, after that, mixed in 500 mL amber glass flasks positioned on an electronic Bel semi-analytical balance (resolution ± 0.01 g), which resulted in butanol contents from 2.5 to 30.0% mass. This testing interval was defined considering typical oxygenated concentrations adopted in Brazil (Portaria Mapa nº 75/2015), United States (ASTM D7862) and Europe (EN 228) for use in commercial blends with gasoline, thus providing better comparison parameters. In the present paper, tables and graphs are reported in mass % terms. After preparation, all the samples were refrigerated at approximately 4°C to avoid volatile compound losses.
Physical-chemical characterization
Density, distillation and vapor pressure characteristics were respectively determined according to the ASTM D4052, ASTM D86 and ASTM D5191 standard methods, also used by ANP for commercial gasoline regulation. Density was determined at 20°C in an automatic Anton Paar DMA 4500, which measures changes in a glass Utube oscillation frequency (T), caused by the sample, compared to the calibration data, according to Equation 1. ( 1) where: ρ is the sample density, Vc is the U-tube internal volume, m c is the mass of the empty tube and K a Utube specific constant.
Temperatures were measured by densimeter with resolution of ± 0.01°C. About 3 mL of each sample was manually injected into the densimeter, until the U-tube was completely filled. Analyzes were performed in triplicate.
The Dry Vapor Pressure Equivalent (DVPE) of blends was determined in a Grabner Instruments MINIVAP VPS, according to ASTM D5191 standard method. For the test, the sample was aspirated and introduced into a test chamber, thermostatically controlled at 37.8°C (100 F) with the vapor-liquid maintained at 4:1 ratio. DVPE results, in kilopascals (kPa), were automatically calculated by the chamber´s total pressure (sample + air dissolved partial pressures), according to Equation 2. Analyzes were performed in triplicate.
where: Ptot is the total vapor pressure in kPa and A is a 3.78 kPa constant value. An automatic Normalab NDI 450 distiller was used for the volatility tests, according to the ASTM D86 standard method. Firstly, exact 100 mL of the sample was measured in a Normalab graduated glass cylinder and immediately transferred into a distillation flask. Then, the same glass cylinder was positioned at the condenser tube outlet for distillation product collection. The system was heated at a 4 to 5 mL min -1 rate and the distillation temperatures were registered by a calibrated PT100 type thermocouple.
Motor octane number (MON), research octane number (RON) and anti-knock index (AKI) analyzes were estimated in a portable analyzer, PetroSpec GS-1000 plus VOC. This equipment performs the analysis based on medium infrared in spectral region of 400-4000 cm -1 and uses a multivariate technique (multiple linear regression -MLR). Analyzes were performed by comparing the gasoline based blends spectra to those from a factory reference database.
Results and discussion

Density
Densities measured for analytical grade butan-1-ol (809.8 kg m for 2-methylpropan-1-ol blends, respectively, corresponding to percentage increases of 3.1 and 2.6% compared to that of pure gasoline, as depicted in Figure 1 . In Figure 1a it is possible to identify two different regions: blends with up to 5.0% mass butanol content (with less slope) and those higher than 5.0% mass (with more slope). For lower concentrations, once butanol was added to blends, the synergistic interaction between the hydroxyl groups tended to be weakened by the greater amount of other hydrocarbon compounds that surround butanol molecules, producing, as reported, only discrete increases in density values. Thus, when increasing butanol content, the interactions between hydroxyl groups become more effective and the influence of hydrogen bonds in the overall interaction forces, more intense.
Both density curves were better fitted to a second order polynomial function, with determination coefficients (R 2 ) higher than 0.994. The steeper slope of butan-1-ol curve is associated with the higher packaging capacity of the linear butan-1-ol structure. Along the curve, it is possible to observe the intensification of the differences between butan-1-ol and 2-methylpropan-1-ol, due to the packaging effect, resulting in the consequent distancing between curves. Muzíková et al. (2014) and Li et al. (2015) evaluated, respectively, the variations in the density of blends of butan-1-ol and 2-methylpropan-1-ol in gasoline and showed a curve with linear behavior. We believe the difference between the result here presented and those reported in aforementioned references is only because, in our study, more samples were tested with smaller butanol content increment. Figure 1b allows a better visualization of the influence of the butanol-hydrocarbon components interactions over the final density values. As can be depicted in Figure 1b , it is possible to observe slight deviations on the experimental curves compared to the straight lines adopted as reference, demonstrating that the blends final densities are, in fact, affected by extra molecular interactions and are not only the result of a simple average of blends components combinations. Such interaction effects are better discussed below.
Beyond the butanol content in blends, three main factors were considered determinants for the density results, related to the interactions between butanol and hydrocarbons: (a) linear or branched structure of butanol, (b) van der Waals forces or hydrogen bonds and (c) the hydrocarbon composition of fuel. The structure of butanol shows a close relationship with the packaging capacity of the molecules, with each other and with the hydrocarbons. Hydrogen bonds, stronger than van der Waals forces, act with a tendency to join molecules, increasing density, however OH interactions strength depend, above all, on the blends butanol content. Among the hydrocarbons, van der Waals forces have little effect on the density final value. The size, structure and composition of the matrix hydrocarbons, as well as the presence of heteroatoms, show a direct contribution to the blends density, explained by its solvation capacity to minimize butanol OH hydrogen bonds strength in blends.
Volatility
The measured vapor pressure for pure gasoline was 50.1 kPa, considerably higher than those of butan-1-ol (0.9 kPa) and 2-methylpropan-1-ol (2.0 kPa) pure standards. Such differences in volatility can be mainly attributed to the strong effects of the butanol hydrogen bonds, also extended Acta Scientiarum. Technology, v. 40, e39571, 2018 to the blends. The blends vapor pressure was reduced by up to 18.1% and more intensely for 2-methylpropan-1-ol blends, due to the less packaging capacity of the branched isomer structures, resulting in greater volatility. In Figure 2 , it is possible to observe a quite similar DVPE decay behavior for both isomers, which resulted in the final values of 41.0 and 41.8 kPa for blends prepared with 30% mass of butan-1-ol and 2-methylpropan-1-ol, respectively. Despite this reduction, all blends presented DVPE values below the maximum limit of 69.0 kPa specified in Brazil for a commercial gasoline. For comparative reasons, pure gasoline curve (Δ) was adopted as reference. Basically, three important ranges could be observed in the distillation curves: 1) initial, which precedes the butanol evaporation, 2) transition, when butanol is distilled from the flask and 3) final, when the remaining hydrocarbons are distilled.
In Figure 3 , it is possible to observe a distillation temperature increase between T10 and T40 (T50 and T60, depending on the blend butanol content) compared to those registered on the pure gasoline curve, which suggests a heavier composition TX fraction. In fact, the higher butanol density, compared to pure gasoline, increases the mass/volume ratio and, thus, reduces the blends volatility. In the distillation test, this meant a higher temperature required to evaporate a given blend percentage volume, represented by the curves elevation (Y axis) in relation to that of pure gasoline. For blends containing 10% mass of butanol the elevation was more discreet. At the 30% mass, this elevation extended until near the point T60 and T50, for butan-1-ol and 2-methylpropan-1-ol blends, respectively, which shows that both the lightweight and mediumweight gasoline fractions were altered by butanol. Already in other advanced distillation TX temperatures, the inverse occurs, that is, the blend distillation temperature was reduced in relation to what was observed for pure gasoline.
Deviations observed for blends curves in relation to pure gasoline, points to the formation of a plateau in the distillation curves central region, a phenomenon that can be attributed to the capacity of butanol to form an azeotrope-like compound with some components of gasoline, thus behaving more closely to a pure substance in relation to the boiling point. In the case of pure gasoline, the temperature variation between 40 and 80% evaporated (T40 to T80) was 45°C, whereas for blends with 30% mass of butanol, this variation, in the same range, was only 15°C. This shows that azeotropic shifts respond proportionally to the butanol content in blend.
In the course of the distillation, the blend composition was varied and gasoline lighter hydrocarbons were continuously distilled from the flask, resulting in a progressively heavier and less volatile blend. This situation evolved until the blend became as lightweight (or as heavy-weight) as pure gasoline. This distillation stage, identified by the curves crossover in Figure 3 , is directly related to the butanol boiling point. The crosses of butan-1-ol and 2-methylpropan-1-ol blends at different curves points can be justified by the different boiling points of the isomers, so that higher boiling points result in later curves crossings.
At a given distillation stage, blends reaches the azeotropic composition and temperature, when the curve flattening becomes more pronounced in the central region. At this moment, the temperature remains little altered until the azeotropic-like compound is totally distilled from the flask. A rapid increase in the evaporated percentage volume, however, was observed, which extended to T70, T80 and T90 for blends with 10, 20 and 30% mass of butanol, respectively. Once the azeotrope has been completely evaporated from the system, gasoline hydrocarbons remaining in the flask evaporate at their respective boiling points, which can be seen as a transition region, when there is a sudden increase (inflection) in the distillation curve. This increase in temperature (reduction of the blend evaporation rate) occurs because of the lower volatility of the heavy-weight hydrocarbons that are distilled in this range, relative to the azeotrope. Blends with a higher butanol proportion presented a more abrupt inflection and a greater reflex at the curve final portion, after 90% evaporated (T90). Octane rating Figure 4 shows the blends MON behavior as a function of the butanol content. The MON values increased almost horizontally for butan-1-ol blends, whereas for 2-methylpropan-1-ol, the increase was quite steep, following a parabolic pattern. As result, the addition of 2.5% mass of 2-methylpropan-1-ol in the blend was sufficient to produce an MON increase of 1.4 octane versus just 0.2 octane with the addition of the same butan-1-ol percentage. The MON curves result from a summation of combustion inhibiting factors. The strong steric effects of butanol branched carbon chains make it difficult to interact with oxygen and, consequently, make the combustion reaction less favorable when compared to the corresponding linear isomers. Also in terms of the branched structure, the stabilization effects (Schobert, 1990) , concerning the possibility of radical formation on the 2-methylpropan-1-ol tertiary carbon, should be considered.
The synergistic effects between the butanol OH groups require more heat from the combustion chamber for the blends vaporization, which also makes the blends more resistant to detonation. These effects were predominant in blends with a 2-methylpropan-1-ol content up to about 22.5% mass, from which no significant MON gain was observed. From this point, it is possible that such effects no longer affected the kinetics of the combustion so significantly, although the proportion of butanol had been increased.
The MON increase for butan-1-ol blends can be almost exclusively associated to the interactions between butanol OH groups, since that for the linear structure the steric hindrance is not so restrictive and the formation of tertiary radicals in the combustion reaction is limited. In this case, because they respond directly to the oxygen content, MON values grow moderately and linearly to the butanol content increase in blends.
Research octane number (RON) curves in Figure 5 showed a non-linear pattern close to a polynomial function with no significant differences between both isomers blends. In this case, 2-methylpropan-1-ol blends did not show the same gain observed for MON. A higher RON gain was observed for 2-methylpropan-1-ol blends, as observed in the initial curve region, demonstrating that the sum of effects caused by 2-methylpropan-1-ol still overlap with that of butan-1-ol. However, as the butanol content in the blend increases, the hydrogen bonds appear to become stronger and more prevalent among the more unblocked linear chains of butan-1-ol, progressing to cross-curves when blends reach about 10% mass of butanol.
As observed in Figure 6 , resulting AKI values were higher for 2-methylpropan-1-ol blends compared to those of butan-1-ol blends, which can be attributed to the extraordinary MON increase achieved by the branched butanol isomer. For both blends types, non-linear AKI curves were obtained revealing some AKI tendency to stabilization and even reducing for blends prepared with butanol contents higher than 22.5% mass, approximately. Practically all tested blends reached octane and AKI values higher than those ANP limits for commercial gasoline, except for two blends produced with butan-1-ol contents of 2.5 and 5.0% mass.
Anti-knock gains obtained from 2-methylpropan-1-ol blends were comparable to those of a commercial high-octane gasoline, demonstrating the great potential of this branched alcohol as an octane booster.
Conclusion
Better butanol/gasoline blend characteristics were achieved by using 2-methylpropan-1-ol isomer, which had softer impacts over the gasoline´s original density and volatility, besides providing higher octane gains compared to the butan-1-ol blends. The different effects exercised by butanol isomers were evidenced by the experimental curves deviations, becoming more evident with the progressive increase of the butanol content in blends. Because of its individual particularities, butanol isomers can be used for an adjustment of one or other fuel characteristics.
Presented results showed that the effects of butanol on gasoline are advantageous and well tolerated by the hydrocarbon matrix. However, curves tendencies observed for density, distillation, MON, RON and AKI showed that butanol contents beyond 30% mass may result in some drawbacks related to blends being too dense and intense volatility reduction (mainly medium and highweight fractions) and low (or none) octane gain compared to other blends with lower butanol contents.
This study also opens an opportunity for the investigation of ethanol/butanol blends as a way to minimize undesirable characteristics of ethanol. We are currently studying other properties of butanol/gasoline blends in order to evaluate the overall feasibility of ethanol, partial or total, substitution in commercial fuel blends in the Brazilian market.
